Regimes of lower tropospheric northwesterly wind observed in southwestern Amazônia during the Tropical Rainfall Measuring Mission Large-scale Biosphere Atmosphere (TRMM-LBA) field campaign were shown to be local manifestations of stationary frontal systems that extended into the deep Tropics along the South Atlantic Convergence Zone ('SACZ' regime). Frontal systems were transient and were confined to the subtropics during the interim periods of easterly and weak westerly flow ('non-SACZ' regime). Observations from surface-based radar in TRMM-LBA suggested that mesoscale convective systems in the SACZ regime were significantly larger in areal coverage, with weaker rainfall intensity and weaker vertical development of the convective cells. The diurnal variation of rain intensity and rain areal coverage generally showed afternoon maxima for both regimes, but with important differences suggesting explosive convective cell growth in the non-SACZ regime and the dominance of nocturnal stratiform rain processes in the SACZ regime. These results had implications for the parameterization (in general circulation models) of sub-grid scale convective processes in Amazônia in terms of the large-scale flow, and for improving precipitation and latent heating retrieval from space-borne platforms such as the TRMM satellite. 
Introduction
The recent TRMM-LBA (Tropical Rainfall Measuring Mission Large-scale Biosphere Atmosphere) WET-AMC (Wet season Amazon Mesoscale Campaign) field campaign (hereafter TRMM-LBA) in the Brazilian state of Rondônia from January -February 1999 provided a detailed view of mesoscale convection over the southwestern Amazon Basin during austral summer [Silva Dias et al. 2001a] . A primary goal of this experiment was to integrate our understanding of the hydrological cycle in Amazônia, from the synoptic scale to the scale of individual convective systems. The present study addressed the relationship between variability of the synoptic-scale flow patterns over South America and changes in the local mesoscale properties of convection in southwestern Amazônia.
These mesoscale properties included precipitation intensity, rainfall areal coverage, convective cell versus stratiform rainfall fraction, and vertical reflectivity structure. We will show that distinct regimes in the low-level wind direction (westerly versus easterly) over the TRMM-LBA were influenced by the penetration of circulations associated with stationary fronts into the deep Tropics. Important differences in the mesoscale properties of convective systems were noted for these regimes. These results suggested that one of the goals of the TRMM program, latent heating retrieval based on cloud-resolving model simulations [Olson et al. 1999] , should account for this variability. Another application of this study will be to improve the parameterization of subgrid-scale convective processes (over tropical South America) with respect to the large-scale flow in global or regional scale models.
Aside from the strong diurnal cycle of rainfall, previous studies have suggested that convective variability over Amazônia is modulated by extratropical baroclinic wave activity. Liebmann et al. [1999] studied summertime (December-February, hereafter DJF) variability of convection over South America and adjoining portions of the Atlantic Ocean using a 17-season long record of outgoing longwave radiation (OLR, a proxy for deep convection). They found that the OLR variance in the southwestern and central Amazon Basin was dominated by timescales of 2-30 days, with strong peaks in the OLR spectrum at 9 and 12 days. Liebmann et al. [1999] associated these spectral peaks with 4 4 the modulation of convection by strong mid-latitude cold fronts that often penetrate into tropical latitudes. Along the eastern slope of the Andes Mountains, baroclinic waves produce intrusions of cold air into the tropics that organized synoptic scale bands of deep convection moving equatorward along the frontal boundary [Garreaud, 2000] . Ahead of these fronts, low-level northwesterly flow extends from the tropics into the mid-latitudes.
Even though these systems occur all year round, tropical convection along these frontal boundaries is strongest during austral summer, when low-level convergence is embedded in a conditionally unstable environment [Garreaud, 2000] . Low frequency variability, such as that associated with the 30-60 day Madden-Julian oscillation (MJO), appeared to be of secondary importance compared to the influence of higher frequency phenomena.
In fact, Zhau and Weare [1994] suggested that the strong diurnal variability of Amazon convection damped lower frequency variability in that region.
During the summertime, fronts often become stationary for several days over the southeast Brazilian coast, producing a synoptic scale feature known as the South Atlantic Convergence Zone (SACZ). Individual SACZ episodes may last for about one week, and were composed of one or several mid-latitude cold fronts that intrude into the Tropics and become stationary over southeastern Brazil. Previous studies have suggested that the mean climatological position of the SACZ was determined by the Amazon basin convection [Figueroa et al. 1995 , Ferreira et al. 2001 . On the other hand, the strong intraseasonal and interannual variability of the position and strength of the SACZ were caused by variations in baroclinic wave activity that originate in the extratropical Pacific Ocean [Liebmann et al. 1999] . A link between variability in the SACZ and the intraseasonal oscillation was suggested by the presence of 30-60 day peaks in OLR variability in the SACZ shown in Liebmann et al. [1999] . This link was made possible by the existence of a Rossby wave-guide in the Pacific Ocean [Casarin and Kousky 1986 , Grimm and Silva Dias 1995 , and Nogues-Paegle and Mo 1997 .
Nogues-Paegle and Mo [1997] discussed the anticorrelation between a well-defined SACZ and precipitation in the subtropical plains of Argentina. When the SACZ was present, moisture transport from the Tropics was diverted eastward, away from the 5 5 Argentina plains and toward southeastern Brazil, along the stationary frontal zone associated with the SACZ. This eastward shift in moisture transport during SACZ periods was thought to be related to an eastward displacement of the South American low-level jet, away from its typical position along the eastern foothills of the Andes Mountains [Marengo et al. 2001 ].
These studies suggested that modulations in the South American low-level jet by baroclinic systems may provide a connection between the SACZ and convection in tropical South America. The goal of this paper is to show that changes in the statistical properties of mesoscale convection in southwestern Amazônia were linked to low-level northwesterly flow (related to the low-level jet) associated with a well-established SACZ.
The size, rain intensity, fraction of convective cell precipitation and vertical structure of the convection in the southwestern Amazon Basin, were strongly influenced by the degree to which stationary frontal systems (the SACZ) penetrated equatorward. Section 2 briefly describes the TRMM-LBA experiment and the data used in this study. Local wind regimes in the TRMM-LBA region are discussed in Section 3 and are related to largescale flow features and patterns of large scale cloudiness. In Section 4, statistics and time series from an analysis of convective systems observed by radar in southwestern Amazônia are related to the wind regimes. Section 5 concludes with a discussion of how oscillations in wind direction (associated with the establishment of the SACZ) may lead to distinct regimes of mesoscale convection.
Data
A network of radar and sounding, instrumentation (Figure 1 ) operated continuously during the TRMM-LBA field campaign, from mid-January to the end of February 1999 (Silva Dias et al. [2001a] provided details of all components of the experiment). Two ground-based scanning Doppler radars, the NASA/NOAA TOGA C-band radar and the NCAR SPOL polarimetric S-band radar, sampled the internal precipitation structure, rainfall intensity, and radial velocity of precipitation systems. This study focused on statistics of radar reflectivity from the TOGA radar. The local variation of tropospheric 6 6 winds was estimated from radiosonde data taken from the Abracos site, several kilometers west of the TOGA radar location (see Halverson et al. [2001] for details).
Radiosondes were launched at Abracos nominally every three hours.
Data from the TOGA radar were used to produce cartesian volumes (1 km x 1 km x 1km spacing) of radar reflectivity, extending to a circular area of radius 130km centered on the radar. Reflectivity data was corrected for time-dependent calibration shifts, based on intercomparisons with the TRMM satellite precipitation radar [Anagnostou et al. 2001 ].
Non-meteorological echoes associated with anomalous propagation, range aliasing, and ground clutter were removed with a semi-automated method based on a radial velocity mask [Kulie et al. 1999] . These reflectivity volumes were used to produce time series of precipitation areal coverage and relative rainfall intensity at ten-minute intervals at a height of 2km above ground level. An algorithm to separate convective cells from the more homogeneous regions of stratiform rainfall 1 [Steiner et al. 1995, Rickenbach and Rutledge 1998 ] was applied to the reflectivity field. Mean vertical profiles of radar reflectivity were determined for convective and stratiform portions of the reflectivity
field. An empirical relationship between radar reflectivity and rainfall, derived from surface drop-size distribution data [Tokay et al. 2001] , was used to convert reflectivity to an estimate of areal-mean precipitation rate at 2 km height. Rainfall areal coverage was defined as the area covered by reflectivity values of at least 10 dBZ (nominally 0.5 mm hr -1 ). There is much uncertainty in rainfall retrieval from C-band radar data due to attenuation, beam filling errors, and limited measurements of the distribution of precipitation particle sizes. For this reason, only relative variations in the rainfall time series will be emphasized in this work.
In order to examine the cloudiness distribution over South America, a three-hour global infrared data set (14 km resolution), was obtained from the Global Hydrology Resource Center (GHRC) at the Global Hydrology and Climate Center. We extracted a subset of 1 It is important to distinguish between the convective cell and stratiform portions of mesoscale precipitation systems. The relative amount of rainfall from each component is related to the evolution of the system and to the manner in which latent heat is distributed in the troposphere [Houze, 1989] . Data from the NASA Data Assimilation Office (DAO) GEOS-2 data assimilation system reanalysis [Chen et al. 1999] provided an independent estimate of the local wind field.
Local and large scale wind regimes
In this section, we explored relationships between wind regimes observed locally at the Abracos site and the large-scale circulation patterns over South America. In particular,
we focused on the effect of stationary mid-latitude frontal systems on local wind variation in the TRMM-LBA region. The local wind regimes were illustrated with sounding data from the Abracos pasture site, near the TOGA radar. The large-scale flow was represented by the DAO reanalysis.
Local wind regimes
Sounding data from Abracos were used to construct time series of the zonal and The other major westerly wind episode (W3) began on February 22 and ended on March 1 (DAO reanalysis data suggested that W3 continued through the first week of March, however the regime definitions were limited to the availability of radar data). In general, the onset of westerly winds occurred in the lower troposphere and extended upward with time. During the interim periods, low-level easterly winds (E1: 11-14 January; E2: 19-29 January; E3: 8-22 February) prevailed in the mid-troposphere. These regime periods are listed in Table 1 .
To summarize, the overall pattern of wind variability was one of alternating periods of northwesterly and northeasterly winds in the lower troposphere. In general, upper tropospheric winds were southeasterly, except during E2 where the flow was southwesterly. These local wind regimes were very similar to wind time series extracted from the DAO reanalysis over the TRMM-LBA region [Herdies et al. 2001] . Since the TRMM-LBA sounding data were not assimilated into the DAO reanalysis, the sounding data provided an independent check that the DAO reanalysis captured the local wind 9 9 variations in the TRMM-LBA region and lent credence to the DAO composite analysis shown in the next section.
Large scale circulation and stationary fronts
In this section, we present evidence that the two strong westerly wind periods (W1 and W3) were local manifestations of continental scale circulation variability, due to stationary fronts (associated with the SACZ) extending into the Tropics. Composites of DAO winds at 850 mb and 200 mb, infrared cloud patterns, and observations of frontal positions were used to support this hypothesis.
Observations of the movement of baroclinic frontal zones during TRMM-LBA were reported in the Brazilian Space Agency's Monthly Climate Bulletin [Climanálise 1999 ].
Cold fronts typically propagated northeastward in succession along the southeastern Brazilian coast, extending into the interior of the continent. Shown in Figure 3 is a time series of the distance traveled by individual frontal systems each day during the TRMM-LBA period, as observed by stations along the coast, based on data provided in Climanálise [1999] . Each frontal system was readily identified by animations of the infrared cloudiness imagery used in this study. Values of zero indicated that the front was stationary for that day. Figure 3 showed that the occurrence of stationary fronts for several consecutive days coincided remarkably with the two strong westerly wind periods (W1 and W3) in the TRMM-LBA region. This suggested a relationship between the strong local westerly flow in southwest Amazônia and stationary extratropical frontal systems that extend into the Tropics. Based on discussion in Section 1, the presence of fronts that become stationary over southeast Brazil for several days is a hallmark of the SACZ. We will therefore refer to the combination of W1 and W3 as the 'SACZ' period, and the easterly regimes (E1, E2, and E3) combined with the weak westerly regime (W2)
as the 'non-SACZ' period (Table 1) . At this point it is worth stating that the results shown in the next sections were not very sensitive to whether W2 was included in the non-SACZ period, so that the contrast between SACZ and non-SACZ regimes was similar to the contrast between easterly and westerly flow regimes.
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In order to explore the relationship between the establishment of the SACZ and the local strong westerly wind periods, composites of the DAO reanalysis winds were produced for the SACZ and non-SACZ periods. In both composites, lower tropospheric (850 mb) easterly winds associated with the South Atlantic High extended across the Amazon Basin. The SACZ composite (Fig. 4) 
Rainfall and areal coverage time series
Shown in Figure 8 was a time series of conditional rainfall rate (TOGA radar) from midJanuary to the end of February. Conditional rainfall rate was defined as the rainfall rate at a height of 2 km, normalized by the raining area, and thus was a measure of the areally averaged rain intensity. Spectral analysis of the rainfall time series (not shown) revealed 14 14 strong diurnal variability, with no clear signal at lower frequencies. In order to examine longer time scale variations, a Fourier decomposition was performed to remove variability of less than eight days (the result is shown as the thick solid curve in Figure 8 ).
Eight days corresponded to the average length of each individual wind regime period.
The filtered time series strongly suggested that each of the three westerly wind events were associated with relative minima in rainfall intensity. The minima were particularly evident during W1 and W3 (the SACZ regime), while higher rainfall intensities occurred during the easterly wind periods. Application of the Student T-test showed that the mean rainfall intensity was significantly different for the SACZ and non-SACZ regimes with a confidence level of greater than 99%.
Time series of the fraction of the radar's area covered by rainfall ( Figure 9 ) revealed that mesoscale convective systems were, on average, larger during the SACZ periods (with a confidence level greater than 99%). The low frequency variability corresponded well to that of rainfall intensity. Mesoscale convective systems that occurred during SACZ periods were larger but had weaker rain intensity than those of non-SACZ periods.
Similar variability may be seen in the time series of convective rainfall fraction ( Figure   10 ), which was defined as the fraction of the total rainfall associated with convective cells by the convective -stratiform partitioning technique (Section 2). Higher values of convective rain fraction indicated more rainfall associated with convective cells compared to lighter and more uniform stratiform rain. The strong diurnal oscillation was a consequence of the evolution of mesoscale convective systems, beginning as isolated convective cells in the late morning and transitioning to stratiform rainfall late in the day (see Section 4.3). As with conditional rainrate, the association of low convective rain fractions with the SACZ periods was very clear (greater than 99% confidence level).
These observations showed that mesoscale systems in the SACZ regime were larger, but had weaker rainfall intensity and less convective rainfall than non-SACZ regime systems.
The mean rain intensity, rain area, and the convective versus stratiform partition of these quantities for the SACZ and non-SACZ regimes were summarized in Table 2 . The average total (convective and stratiform combined) rainfall intensity for the SACZ regime was 27% lower compared to the non-SACZ regime. Note that the convective rainfall intensity was 47% lower in the SACZ regime, while the stratiform rainfall intensity was slightly (10%) higher. This observation suggested that the difference in rainfall intensity was primarily due to differences in convective cell processes during SACZ periods. This conclusion was supported by the lower mean convective rainfall fraction for the SACZ period (49%), compared to 66% for the non-SACZ period.
Mesoscale convective systems were, on average, nearly twice as large in areal coverage during SACZ periods, mostly associated with larger stratiform rain areal coverage.
Conditions in the SACZ regime clearly favored large, widespread mesoscale convective systems comprised of broad stratiform rain and weak convection. Systems in the non-SACZ regime were smaller, with more intensely precipitating convective cells, associated with propagating squall lines , Silva Dias et al. 2001b .
Vertical reflectivity structure
The mean profile of radar reflectivity with height provides insight as to the intensity of convective updrafts and microphysical processes in mesoscale convective systems [Szoke et al. 1986, Yuter and . Vertical reflectivity profiles were calculated for the SACZ and non-SACZ regime. Mean profiles were constructed after converting dBZ to linear reflectivity factor for each volume, limiting the analysis to below the vertical level (about 13 km) where the areal coverage of echo was at least 15% of the echo coverage at a height of 2 km (based on Yuter and Houze [1995] ). Separate profiles were constructed for convective and stratiform portions of the echo pattern based on the convectivestratiform partition at a vertical level of 2 km.
The mean reflectivity values for the SACZ regime were lower at all vertical levels than that for the non-SACZ regime (Figure 11 
Diurnal composites
Composites of the diurnal variation of rainfall intensity and precipitation areal coverage (easterly) regime case . The maximum rainfall occurred between about 1500 and 1700 local time in each regime. The timing of the diurnal cycle was generally consistent with a 17 year record (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) of rain gauge data at Ji Parana (the TRMM-LBA region) presented in Liebmann et al. [1998] , and to a preliminary analysis of rain gauge data during TRMM-LBA (B. Fisher, personal communication).
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The stratiform rain intensity displayed a weak early evening maximum (2100 local time)
in the non-SACZ regime. This observation may reflect the several-hour time delay between peak convective rain rate and the peak in stratiform rain area, typical of the life cycle of organized squall line systems [McAnelly and Cotton 1989] . As convection decayed, the stratiform area increased after local midnight ( Figure 13 ). It was not clear whether this was due to the life cycle effect, since there were two nocturnal squall line systems (15 February and 18 February) that may have contributed to the increase in stratiform rain area. In contrast, the stratiform rain intensity of the SACZ regime remained constant throughout the day and night, and actually exceeded the convective rain intensity at night. This suggested that the nocturnal maximum in stratiform areal coverage, also present in the SACZ regime, may have been due to a nocturnal resurgence of stratiform due to mechanisms independent of convective cells, such as radiative or large scale dynamical processes. There were at times field observations of weak but extensive nocturnal stratiform precipitation events, with no obvious convective source, which formed after local midnight and persisted into the morning hours. Conspicuous events occurred on 18 January, between 2 -5 February, and between 24-26 February, all during westerly periods. These nocturnal stratiform events had characteristics of shallow stratocumulus drizzle. Detailed case studies should shed more light on the mechanisms of the complex features present in the diurnal variation of precipitation.
Conclusions
The alternating regimes of low-level easterly and westerly winds observed locally over southwestern Amazônia were related to large-scale changes in the circulation patterns over South America. Distinct westerly wind events in the lower troposphere observed during the TRMM-LBA field campaign were suggested to be local manifestations of These contrasting large-scale flow patterns had important consequences for mesoscale convection in southwestern Amazônia. In the TRMM-LBA region, mesoscale convective systems during the SACZ regime produced 27% less rainfall, mainly due to weaker convective rain intensity, but were on average twice as large in area compared to systems in the non-SACZ regime. Time series of these parameters indicated a remarkable correspondence with the wind regimes. Differences in the profiles of radar reflectivity in the upper portion of convective cells suggested that the non-SACZ environment was more conducive to stronger convective updrafts in the upper troposphere. Diurnal variation of rain intensity and rain area suggested explosive growth of afternoon convection in the non-SACZ regime. The diurnal results for the SACZ regime hinted at the possibility that the large-scale environment, not convective processes, enhanced the stratiform rain process at night. Furthermore, Petersen et al. [2001] suggested that the relationship between mesoscale convection and flow regime shown here appeared to be present in other years, implying a more general result.
Other studies of TRMM-LBA convection were consistent with these observations, though the physical mechanisms for differences in mesoscale convection were not clear. Petersen et al. [2001] presented observations of significantly higher lightning flash rates (indicative of enhanced vertical intensity of convection) during the non-SACZ (easterly) regimes, while Cifelli et al. [2001] showed that updrafts in a non-SACZ (easterly) regime convective system were much stronger than an SACZ (westerly) regime counterpart.
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Another study pointed to differences in the thermodynamic environment between the regimes . They suggested that dry mid-level air, present in easterly flow, introduced convective inhibition into the thermodynamic profile that, given sufficient boundary layer moisture and a triggering mechanism, led to explosive convection. As low-level wind direction alternated between westerly and easterly, the concentrations of cloud condensation nuclei changed, with "cleaner" low-level air in westerly regimes leading to less condensate in the upper portions of convective clouds and weaker electrification [Williams et al. 2001] . Mesoscale circulations associated with elevated topography west of the TRMM-LBA area may have provided a favored region for the formation of mesoscale convective systems [Laurent et al. 2001] . Boundary layer evolution differed significantly between forest and pasture regions [Silva Dias et al. 2001a ]. These studies implied that as the low-level flow direction reversed, thermodynamic properties of the source air and mesoscale circulations associated with topography or land-type contrasts could lead to changes in the mesoscale organization of convection. We further speculate that fundamentally different tropospheric shear profiles in each regime may have played a role. For example, during the westerly regime, the motion of convective systems was opposite to the upper tropospheric flow. This might lead to large system-relative displacements between condensate ejected from convective cells and the location of new cell growth, resulting in large precipitation areal coverage.
The differences in mesoscale convection in the SACZ and non-SACZ regimes in southwestern Amazônia was reminiscent of the contrast between "monsoon period"
versus "break period" wet-season convection in Darwin, Australia near the maritime continent [Williams et al. 1992] . In Darwin, the establishment of the monsoon trough brought oceanic air (low convective available potential energy) over Northern Australia, 
